Serum thymic factor (FTS) is a nonapeptide thymic hormone which was first isolated from pig serum by Bach et al. and then from the thymus. 9) FTS is secreted by thymic epithelial cells and is involved in functional activation and differentiation in T cells. 10, 11) In addition to its action as a thymic hormone, FTS exerts a variety of biological activities both in vivo and in vitro, including an immunobiological effect. [12] [13] [14] [15] Previous reports have shown that FTS prevents experimental pancreatitis and diabetes induced by alloxan or streptozotocin, and diabetes and myocarditis caused by the encephalomyocarditis virus in mice. 16, 17) Other studies have reported that FTS also suppresses acute experimental allergic encephalomyelitis and skin fibrosis during wound repair. 18, 19) CER nephrotoxicity is due in part to the generation of reactive oxygen species (ROS), and the ROS-induced peroxidation of cell membrane lipids is the most likely mechanism of renal injury caused by CER. [20] [21] [22] [23] Recently, ROS have been demonstrated to modulate signaling pathways in cellular responses. 24) The mitogen-activated protein kinase (MAPK) family are important mediators of signal transduction processes that serve to coordinate cellular responses to a variety of extracellular stimuli. Mammals express at least four distinctly regulated groups of MAPKs, the extracellular signal-regulated protein kinase (ERK) 1/2, c-Jun N-terminal kinase (JNK), p38 MAP kinase and ERK5 cascades are each capable of responding to different stimuli, such as cellular stress and growth factors. 25) The most well characterized of these is the ERK pathway. Numerous studies have demonstrated that the ERK pathway is mainly activated by a variety of growth factors and known to be associated with cellular proliferation and differentiation. 26, 27) Several in vivo studies have shown that the ERK cascade is phosphorylated in the damaged brain caused by ischemia and hypoglycemia. 28, 29) The biological outcome of MAPK activation may be attributed to difference in cell types.
We and others have previously demonstrated that ROS mediate CER-induced renal damage. [20] [21] [22] [23] 30, 31) A previous report has shown that FTS increases superoxide disumutase (SOD) levels in senescence-accelerated mice.
32) It has also been reported that bleomycin-induced pulmonary injury can be prevented by the administration of FTS.
33) Thus, we hypothesize that FTS, having a variety of biological activities, might modify cell damage and tissue injury, and possibly attenuate free radical-mediated renal cell injury and nephrotoxicity caused by CER. We have previously reported that an MEK/ERK pathway is probably concerned in free radical-induced injury in rat renal cortical slices. 34) In the present study, we investigated our hypothesis whether FTS prevents the development of CER-induced nephrotoxicity in vivo and in vitro. The aim of this study was also to examine the effect of FTS on CER-induced ERK activation in the rat kidney. Serum thymic factor (FTS), a thymic peptide hormone, has been reported to increase superoxide disumutase (SOD) levels in senescence-accelerated mice. In the present study, we examined the effect of FTS on cephaloridine (CER)-induced nephrotoxicity in vivo and in vitro. We previously reported that CER led to extracellular signal-regulated protein kinase (ERK) activation in the rat kidney. So, we also investigated whether FTS has an effect on ERK activation induced by CER. Treatment of male Sprague-Dawley rats with intravenous CER (1. ). An antibody specific to ERK was from BD Transduction Laboratories (Lexington, KY, U.S.A.). Secondary anti-mouse IgG (H&L, horseradish peroxidaselinked) was from Amersham Pharmacia Biotech, (NJ, U.S.A.). Protease inhibitor was purchased from Nacalai Tesque, Inc. (Kyoto, Japan). All other chemicals used were of the highest purity available (Wako Pure Chemical Industries, Ltd., Osaka, Japan).
MATERIALS AND METHODS

Chemicals
Cell Culture LLC-PK 1 cells, a cultured renal epithelial cell line derived from the porcine kidney, were obtained from the American Type Culture Collection (Rockville, MD, U.S.A.). The cells were cultured in Dulbecco's Modified Eagle's Medium containing nutrient mixture F-12 (D-MEM/F-12) supplemented with 5% fetal bovine serum (FBS) in a humidified atmosphere of 95% air and 5% CO 2 at 37°C. To obtain confluent cells, the cells were fed fresh medium without FBS on the fourth day after being seeded. CER was added to the fresh medium 2 h after medium exchanges. LLC-PK 1 cells were treated with various concentrations of FTS 1 h before exposure to 5 mM CER for 24 h, and lactate dehydrogenase (LDH) leakage was determined after incubation for 24 h.
Determination of Cell Injury
The index of renal cell injury was LDH leakage from the cells into the media. At the end of incubation, the medium was collected for determination of LDH activity. The cells were harvested and suspended in 1% Triton X-100 solution and then sonicated before use. LDH activity in the medium and the cells was determined using a commercial kit (Wako Pure Chemical Industries, Ltd., Osaka, Japan).
CER-Induced Nephrotoxicity in Rats Experiments were performed on Male Sprague-Dawley rats (6-7 weeksold; Japan SLC, Inc., Shizuoka) to develop CER-induced acute renal failure. The animals were allowed free access to tap water and a standard laboratory diet. The animals were given intravenous injections of CER dissolved in isotonic saline (1.2 g/kg), and were treated with FTS (50 mg/kg, i.v.) 24 and 18 h before CER injection. Control animals received injections of an equal volume of vehicle (isotonic saline solution). The animals were anesthetized with sodium pentobarbital (50 mg/kg, i.p.) 24 h after CER injections and their kidneys were removed first, and then blood samples were drawn from the abdomen aorta. These samples were used to measure plasma creatinine and blood urea nitrogen (BUN) levels by a colorimetric method using a spectrophotometer. Urine was collected after CER treatment by placing the rats in metabolic cages for 18 h. Urine samples were collected into bottles on ice. These samples were used to measure urine creatinine, glucose and protein levels by a colorimetric method using a spectrophotometer. Creatinine clearance (Ccr) was calculated as follows:
Electron Microscopy Transverse sections of the kidney cortex were minced into 1 mm 3 cubes 24 h after treatment with CER and/or FTS. For electron microscopy, the sections were fixed in 2.5% glutaraldehyde and 1% formaldehyde in 0.1 M PBS (pH 7.4), and refrigerated for up to 24 h. Samples were postfixed in 1% osmium tetroxide in 0.1 M phosphate buffer, dehydrated through a graded series of ethanol and propylene oxide, and then embedded in epoxy resin. Semithin sections approximately 1 mm thick were cut with glass knives and stained with toluidine blue. After areas of interest were identified, ultrathin sections were cut with diamond knives and stained with 1% uranyl acetate for 20 min and 1% lead citrate for 2 min. Electron microscopic findings were obtained, and photographed using a HITACHI H-600 transmission electron microscope.
Preparation of the Nuclear Fraction Nuclear fractions were prepared from the kidney cortex of rats treated with CER and/or FTS by a modification of the method of Dignam et al. 35) Kidneys were rapidly placed in ice-cold hypotonic buffer, which consisted of 10 mM HEPES (pH 7.6), 15 mM KCl, 2 mM MgCl 2 , 0.1 mM EDTA, 1 mM dithiothreitol, and 0.2% Nonidet P-40 with protease inhibitors (1 mM phenylmethylsulfonyl fluoride, 1 mg/ml aprotinin, 1 mg/ml leupeptin, and 1 mg/ml pepstatin) to prevent proteolysis and/or dephosphorylation. The kidneys were homogenized at 0°C in a glass homogenizer and centrifuged at 850ϫg for 10 min at 4°C. The resultant pellets were suspended in hypotonic buffer, and recentrifuged at 850ϫg for 10 min at 4°C. The nuclear pellet was disrupted in hypertonic buffer, which consisted of 25 mM HEPES (pH 8.0), 50 mM KCl, 0.1 mM EDTA, 1 mM dithiothreitol, 10% glycerol, 0.4 M NaCl and protease inhibitors, for 30 min on ice for use as the nuclear fraction and recentrifuged at 18000ϫg for 15 min at 4°C. Its supernatant was used as the soluble nuclear fraction and for western blot analysis. The PIERCE protein estimation kit was used to determine the protein concentration with bovine serum albumin as the standard.
Electrophoresis and Western Blot Analysis Equal amounts of the soluble nuclear protein (10 mg protein) in the above fraction were separated by 10% SDS-polyacrylamide gel electrophoresis (SDS-PAGE). The proteins were transferred to nitrocellulose membranes using a semi-dry blotting system. The membranes were blocked with 3% bovine serum albumin (BSA) or 5% skimmed milk in buffer containing 50 mM Tris-HCl (pH 7.5), 150 mM NaCl and 0.1% Tween 20 (TBST) overnight at 4°C, and then incubated with the primary antibody specific against phospho-ERK (pERK) and ERK in 1% BSA-TBST or 2% skimmed milk for 30 min at 37°C. The membranes were washed three times in TBST to remove unbound antibodies and then incubated with a horseradish peroxidase-conjugated secondary antibody in 1% TBST for 30 min at 37°C. Enhanced chemiluminescence (ECL) Western blotting detection reagents (Amersham Pharmacia Biotech, NJ, U.S.A.) were used to detect the immunoreactive bands of pERK and ERK.
Statistical Analysis All values are expressed as meansϮS.E.M. All data were evaluated by one-way analysis of variance and Scheffe's tests for multiple comparisons of means. 36 ) p values less than 0.05 were considered significant.
RESULTS
Effect of FTS on CER-Induced LLC-PK 1 Cell Injury
To investigate whether FTS prevents CER-induced cell injury, LDH leakage was examined as an index of renal cell injury. LLC-PK 1 cells were treated with CER at a concentration of 5 mM for 24 h. CER significantly increased LDH leakage from the cells after 24 h of exposure. FTS at 0.1 and 10 nM ameliorated the CER-induced increase in LDH leakage (Fig. 1) .
Induction of Acute Renal Failure by CER Administration Acute renal failure was successfully induced 24 h after CER (1.2 g/kg, i.v.) administration. BUN levels were significantly higher in CER-administered rats (56.8Ϯ3.1 mg/dl) compared with normal controls (18.1Ϯ1.9 mg/dl) ( Table 1) . Plasma levels of creatinine were also higher in CER-administered rats (1.27Ϯ0.13 mg/dl) than in normal controls (0.40Ϯ0.05 mg/dl) ( Table 1) . Compared with those in the saline-treated control group, rats in the CER-treated group showed significant declines in creatinine clearance on day 3 after the CER injection (Table 1 ). In addition, urinary excretions of protein and glucose were significantly higher in CER-administered rats compared with normal controls (Table 1) .
Pathologic expression of CER in the rat kidney was verified with electron microscopy. However, electron micrographs showed a marked dilation of the vacuolar apparatus, swollen mitochondria, and loss of the microvillus border in the proximal tubules 24 h after CER exposure (Fig. 2B) .
Effect of FTS Administration on the Levels of BUN and Plasma Creatinine in CER-Treated Rats
In CER-treated rats, the effect of FTS was tested. Treatment with FTS (50 mg/kg, i.v.) 24 and 18 h before CER injection significantly decreased CER-induced increases in BUN levels (Table 1 ) and plasma creatinine levels (Table 1) The arrows inside photo B indicate, from left to right, vacuolar apparatus, the loss of the brush border, and swollen mitochondria. Scale bar, 10 mm. CER injection. No significant differences in BUN and plasma creatinine levels were observed after the injection of FTS alone.
Effect of FTS on Renal Clearance of Creatinine and Urinary Excretion of Protein and Glucose in Rats
Treated with CER The index at 24 h after CER injection showed significant elevations of protein and glucose levels in the CER-treated group compared with those in the salinetreated control group. Treatment of rats with FTS 24 and 18 h before CER injection attenuated the CER-induced decline of creatinine clearance (Table 1) . FTS strongly prevented the increases in protein and glucose excretion induced by CER (Table 1) . None of the changes were significantly different from those observed in rats given FTS alone. FTS also attenuated the CER-induced ultrastructural morphology changes indicative of renal dysfunction after CER treatment in rats (Fig. 2C) . Treatment with FTS alone did not affect renal morphology (Fig. 2D) .
Effect of FTS on CER-Induced ERK Phosphorylation in the Nuclei To investigate the effect of FTS on CER-induced ERK phosphorylation, nuclear fractions prepared from the kidney cortex of rats treated with CER were subjected to Western blotting with anti-phospho ERK and total ERK. The phosphorylation of ERK was clearly observed in nuclei prepared from the kidney cortex of rats 24 h after CER administration. FTS significantly suppressed the CER-induced increase in phosphorylated ERK in the nuclei (Fig. 3) .
DISCUSSION
This study investigated the effect of FTS on CER-induced nephrotoxicity in rats. FTS is a multifunctional thymic hormone that regulates a variety of biological activities both in vivo and in vitro, including an immunobiological effect. [10] [11] [12] [13] [14] [15] Some studies have reported that FTS prevents experimental pancreatitis and diabetes induced by alloxan or streptozotocin. 16, 17) Previous reports have also shown that FTS prevents bleomycin-induced pulmonary injury. 33) However, the exact mechanisms by which FTS protects against tissue injury are still unknown. FTS has also been demonstrated to increase superoxide disumutase (SOD) levels in senescenceaccelerated mice.
32) The physiological role of FTS in free radical-induced nephrotoxicity is poorly understood. It has been reported that ROS mediate CER-induced nephrotoxicity. [20] [21] [22] [23] 30, 31) In the present study, administration of FTS significantly attenuated CER-induced renal dysfunction in rats. Treatment with FTS in vitro significantly ameliorated CERinduced LLC-PK 1 cell injury. From these data, it is clear that FTS, having a variety of biological activities, could modify cell damage and tissue injury, and possibly attenuate free radical-mediated renal cell injury and nephrotoxicity caused by CER.
In many kinds of cells, several studies have indicated that MAPK activation and ERK are involved in cell proliferation and survival. 26, 27) However, previous studies from our laboratory demonstrate a crucial role of ERK activation in CER-induced renal cell injury.
34) The importance of ERK activation, which results in renal cell damage, is illustrated by the observation that MEK inhibitors ameliorate CER-induced renal cell injury and ERK activation in rat renal cortical slices. 34) Our present findings, considered together with those mentioned above, indicate the involvement of ERK activation in CER-induced nephrotoxicity. In the kidney, ERK activation is probably involved in the pathogenesis of acute renal failure. Consistent with this suggestion, Matsunaga et al. observed the involvement of ERK activation in zinc-related renal cell injury.
37) It has also been reported that an MEK inhibitor, U0126, effectively attenuates cisplatin-induced renal injury.
38) The most novel and striking finding of the present study is that intravenous administration of FTS results in suppressing CER-induced ERK activation. Our data demonstrated that protection from renal damage by FTS was associated with the suppression of ERK activation.
Zhao et al. demonstrated that FTS significantly enhanced the activity of Mn-SOD and Cu,Zn-SOD in the kidneys of senescence-accelerated mice (SAM-P/8).
32) It has also been reported that FTS decreased the contents of malondialdehyde (MDA), and can be used as an index of free radical generation in the kidney of SAM-P/8. Mn-SOD is located in the mitochondria, 39) while Cu,Zn-SOD is mainly in the cytosol and lysosomes. 40) We previously suggested that mitochondrial generation of free radicals is associated with CER-derived nephrotoxicity in rats. 31) Previous studies have demonstrated that CER-induced renal cell injury is modified by phorbol 12-myristate 13-acetate (PMA), a PKC activator, in rat renal cortical slices. 30) We have also demonstrated that CER induces translocation of PKCd into mitochondria and enhances mitochondrial generation of free radicals in the kidney cortex of rats, causing renal dysfunction. 41) ERK activation has been reported to be involved in the downstream PKC dependent pathway. 42, 43) It is attractive to speculate that FTS has the beneficial role of modifying cell damage and tissue injury through suppressing the activations of PKC and ERK signaling pathways, possibly protecting against free radical-mediated nephrotoxicity caused by nephrotoxicants.
In conclusion, this study demonstrated that CER-induced renal injury is mediated by the activation of the ERK signaling pathway, although further studies are required to characterize the exact mechanisms by which ERK activation causes renal dysfunction. Moreover, we demonstrated that FTS significantly ameliorated CER-induced renal damage and the phosphorylation of ERK in the kidney. These results suggest that FTS participates in protection from CER-mediated nephrotoxicity by suppressing the activation of the ERK signaling pathway induced by CER.
